Seismic texture analysis is a common and useful tool in delineating depositional features from three-dimensional (3D) seismic surveys, and various texture attributes have been presented for robust facies interpretation, including the popular gray-level co-occurrence matrix (GLCM) and its derived attributes. When applied for attribute extraction from a seismic volume, most texture algorithms perform a gray-level transformation that rescales seismic amplitude into a user-defined range linearly. However, most features of interpretation interest in a seismic dataset often cover only a small portion of its whole amplitude range. For improved texture delineation of such features, they are expected to be represented by more gray levels while the rest by fewer levels, which is non-linear. This study proposes implementing three non-linear (logarithmic, exponential and sigmoid) transformations for seismic texture attribute extraction and interpretation. Applications to a deep marine depositional system from Angola demonstrates an improved resolution of GLCM homogeneity and contrast, which help better delineate channels and other features such as fans and lobes compared to the traditional linear transformation.
Introduction
Seismic texture analysis has been successfully applied to the identification of depositional features by describing the spatial arrangement of constituents/neighboring amplitudes within a three-dimensional (3D) textural element (Texel) (Gao, 2011) . The concept of gray-level co-occurrence matrix (GLCM) texture analysis was first introduced from the field of image processing by Haralick et al. (1973) , which quantitatively measures the lateral variations of brightness of an image within an analysis window. Since then, geophysicists have made significant progress in generating various texture attributes for seismic facies analysis (e.g. Gao, 2003 Gao, , 2011 Eichkitz et al., 2013) . Before performing texture analysis on a seismic volume, seismic amplitude is required to be rescaled into a userdefined range of gray levels, so that the seismic volume can be treated as a set of images with seismic features represented by varying brightness at adjacent voxels. Traditionally, linear gray-level transformation is the most straightforward approach for amplitude rescaling and is routinely implemented in the GLCM analysis. The major benefit of linear transformation is to best preserve the histogram of original amplitude distribution, so that two features would contain the same number of gray levels as long as their amplitude variation is the same, regardless of their average amplitude. From the aspect of seismic data processing and interpretation, however, amplitude of most features of interest often covers only a small portion of the whole amplitude range, and an improved texture analysis could be possible by applying a non-linear gray-level transformation, by which the target features are represented by more gray levels compared to the rest. This paper first proposes rescaling seismic amplitude by various non-linear gray-level transformations, including logarithmic, exponential, and sigmoid. Then seismic GLCM analysis is performed on the gray-level volumes generated by these non-linear transformations and compared with that from the traditional linear gray-level transformation. Finally, the improved GLCM algorithm with non-linear gray-level transformation is applied to a seismic dataset from Angola (West Africa).
Methodology
A general workflow of seismic texture analysis consists with two steps: first, to rescale seismic amplitude to a userdefined gray-level range by performing gray-level transformation; second, to extract various texture attribute from the gray-level volume, which is dependent on the first step. 
Non-linear gray-level transformation
A non-linear gray-level transformation is often performed after the linear transformation has rescaled seismic amplitude to the desired range of gray levels. Its major benefit is that, it maps the gray-level data with equal intervals into a new one with non-equal intervals, so that the target portion can be stretched and more details can be recognized from it. In general, there exists three types of non-linear transformations, which are logarithmic, exponential, and sigmoid for stretching the low, high, and middle portion of gray levels as well as the original seismic amplitude, respectively.
a) Logarithmic gray-level transformation
The logarithmic transformation shifts the gray levels from the linear transformation to new positions according to the logarithmic function. Equation 2 defines the general form of logarithmic gray-level transformation, which computes logarithmic gray-level data as
where = ( − ) ( − + 1) ⁄ represents the slope of logarithmic transformation. As shown in Figure 1b , the lower portion is stretched to contain more gray levels, while the upper portion is contracted to contain fewer gray levels. When applied to seismic data, it is expected that the negative portion of seismic amplitude range would be stretched and more details could be resolved in the features with negative amplitude after performing logarithmic transformation.
b) Exponential gray-level transformation
The exponential transformation shifts the gray levels from the linear transformation to new positions according to the exponential function. Equation 3 defines the general form of exponential gray-level transformation, which computes exponential gray-level data as
where = ( − ) ( − ) ⁄ represents the slope of exponential transformation. As shown in Figure 1c , the lower portion is contracted to contain fewer gray levels, while the upper portion is stretched to contain more gray levels. When applied to seismic data, it is expected that the positive portion of seismic amplitude range would be stretched and more details could be resolved in the features with positive amplitude by applying exponential transformation. 
where represents the steepness of sigmoid transformation.
represents the location of maximum stretch, which is often set as the average of maximum gray level and minimum gray level . As shown in Figure 1d , the middle portion is stretched to contain more gray levels, while the lower and upper portions are contracted to contain fewer gray levels. When applied to seismic data, it is expected that the middle portion of seismic amplitude range would be stretched and more details could be resolved in the features with such amplitude values by applying sigmoid transformation. Considering the fact that most features of interest are represented as amplitude variations within the middle portion of the whole amplitude range, such transformation would lead to better texture delineation as well as more reliable facies analysis.
Then various texture attributes can be extracted from the gray-level data prepared by non-linear gray-level transformations, instead of the traditional linear transformation. 
Results
In this study, we use the seismic volume from Angola as testing dataset, which feature meandering channels as well as fans and lobs, as demonstrated by the time slice at 6136 ms (Figure 2 ). Both linear and non-linear gray-level transformations are performed on the dataset, and Figure 3 displays the corresponding time slice at 6136 ms, with 3a for linear transformation, 3b for logarithmic transformation, 3c for exponential transformation, and 3d for sigmoid transformation. It is clear that, all features remain the same by applying linear transformation, whereas they change significantly when non-linear transformations are applied. Specifically, the negative portion of original amplitude range is stretched by applying logarithmic transformation, which increases the distribution of extreme high gray-level with the map dominated by color cyan and highlights the features with extreme low gray-level by color red (denoted by circles in Figure 3b) ; the positive portion of original amplitude range is stretched by applying exponential transformation, which increases the distribution of extreme low gray-level with the map dominated by color yellow (negative amplitude) and highlights the features with extreme high gray-level by color blue (denoted by circles in Figure 3c ); the middle portion of original amplitude range is stretched by applying sigmoid transformation, which increases the distribution of both extreme low and high gray-level with the map dominated by color yellow and color cyan, respectively, and delineates the majority of seismic features with more details compared to the traditional linear transformation.
Based on the newly generated gray-level data, various seismic texture analyses are then conducted. Here, the popular GLCM attribute is used for comparing the results from the linear transformation and three non-linear transformations. Figure 4 displays the GLCM homogeneity attribute from four gray-level transformations, which gives the information about the overall smoothness of an image and is useful for quantifying the continuity of seismic reflections. Figure 5 displays the GLCM contrast attribute from four gray-level transformations, which measures complexity of an image and is useful for highlighting nonuniform features. By such attributes, the channels as well as other features in the depositional settings are generally associated with low homogeneity and high contrast; and comparisons demonstrates that, by applying sigmoid transformation, not only the major channels are better delineated, but also the subtle features in the depositional fans and lobes become more discernible (as denoted by Figure 4d and Figure 5d ). To be clear, for attribute extraction from gray-level data, this study implements the conventional GLCM algorithms (Gao, 2003; Eichkitz et al., 2013) , and the computation window is 7 inlines by 7 crosslines by 3 samples
Conclusions
Three types of non-linear gray-level transformation are implemented for rescaling seismic amplitude and generating seismic texture attributes. In particular, logarithmic transformation is helpful for extracting features within the negative portion of amplitude range; exponential transformation is helpful for extracting features within the positive portion of amplitude range; and sigmoid transformation is helpful for extracting features within the middle portion of amplitude range. For the purpose of facies analysis, most channels and other depositional features of interest are within the middle amplitude portion, and therefore, implementing the sigmoid gray-level transformation helps highlight such features and provides an enhanced visualization for channels and other subtle features, compared to the traditional linear transformation. 
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